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Abstract
Background: The prevalence of obesity is rising. Most previous studies that examined the relations between BMI and physical
activity (PA) measured BMI at a single timepoint. The association between BMI trajectories and habitual PA remains unclear.
Objective: This study assesses the relations between BMI trajectories and habitual step-based PA among participants enrolled
in the electronic cohort of the Framingham Heart Study (eFHS).
Methods: We used a semiparametric group-based modeling to identify BMI trajectories from eFHS participants who attended
research examinations at the Framingham Research Center over 14 years. Daily steps were recorded from the smartwatch provided
at examination 3. We excluded participants with <30 days or <5 hours of smartwatch wear data. We used generalized linear
models to examine the association between BMI trajectories and daily step counts.
Results: We identified 3 trajectory groups for the 837 eFHS participants (mean age 53 years; 57.8% [484/837] female). Group
1 included 292 participants whose BMI was stable (slope 0.005; P=.75), group 2 included 468 participants whose BMI increased
slightly (slope 0.123; P<.001), and group 3 included 77 participants whose BMI increased greatly (slope 0.318; P<.001). The
median follow-up period for step count was 516 days. Adjusting for age, sex, wear time, and cohort, participants in groups 2 and
3 took 422 (95% CI –823 to –21) and 1437 (95% CI –2084 to –790) fewer average daily steps, compared with participants in
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group 1. After adjusting for metabolic and social risk factors, group 2 took 382 (95% CI –773 to 10) and group 3 took 1120 (95%
CI –1766 to –475) fewer steps, compared with group 1.
Conclusions: In this community-based eFHS, participants whose BMI trajectory increased greatly over time took significantly
fewer steps, compared with participants with stable BMI trajectories. Our findings suggest that greater weight gain may correlate
with lower levels of step-based physical activity.
(JMIR Cardio 2022;6(1):e32348) doi: 10.2196/32348
KEYWORDS
mobile health; BMI; smartwatch; physical activity; cardiovascular diseases; cardiology; digital health; mHealth; mobile health
apps

Introduction
The global prevalence of obesity is rising [1], with an estimated
573 million adults projected to be obese by the year 2030 [2].
Obesity is a significant public health problem, and increases
the risk of cardiovascular disease (CVD), type 2 diabetes,
cancer, and mortality [1,3]. Because obesity at younger ages is
associated with negative health outcomes that persist into
adulthood [4,5], early intervention may be useful in curbing the
adverse outcomes associated with obesity. Lifestyle
interventions such as dietary modification and increasing
physical activity (PA) levels are used in the management of
obesity [6]. Most previous studies that examined the relations
between BMI and PA measured BMI at a single timepoint
[7-11], ignoring the time-varying nature of BMI. In recent times,
the use of trajectories has enabled researchers to track the trends
of variables over periods [12,13]. A few studies have reported
that BMI trajectories are associated with risk of CVD [14,15];
however, the association between BMI trajectories and PA is
less well studied.

patterns over 14 years of middle-aged participants enrolled in
the electronic cohort of the Framingham Heart Study (eFHS).
Second, we aimed to determine the relations between BMI
trajectories and daily step count retrieved from a smartwatch.

Methods
Study Sample
The details of the Framingham Heart Study (FHS) and the eFHS
have been described previously [25,26]. In brief, the FHS
enrolled participants in the Third Generation Cohort (Gen 3;
n=4095), the multiethnic Omni Group 2 Cohort (n=410), and
the New Offspring Spouse Cohort (n=103) from 2002 to 2005.
These participants have attended examinations at the research
center every 6-8 years. At the time of research examination 3
beginning in June 2016, participants were invited to participate
in eFHS if they met the following eligibility criteria: spoke
English, had a smartphone, lived in the United States, and were
willing to permit notifications and share information with the
FHS research center.

The relations between BMI and PA are complex. While some
studies suggested an inverse relationship between BMI and PA
[7,8,10,16], a few pedometer-based studies produced
inconsistent results [7,17,18]. For example, in a study by
Tudor-Locke et al [8] to determine the association between
ambulatory activity and body composition, higher BMI was
correlated with lower daily steps. However, another study by
Walker et al [17] did not find any significant association
between BMI and PA. Additionally, other studies assessing this
relationship were interventional [16,17,19-21], and therefore,
the findings may not represent habitual daily walking. Similarly,
as most previous studies recruited fewer participants and had
short follow-up duration [7,10], the results from these studies
may not be generalizable to larger populations and longer
follow-up periods. Furthermore, some step-based studies
recommended 10,000 steps per day as a PA-promoting measure,
and denoted step counts of 5000 or less per day as “sedentary
lifestyle index” [22]. The relationship between long-term BMI
and habitual step-based PA in community settings remains
unclear.

Participants who consented to the eFHS study were offered a
study smartwatch beginning in November 2016 (Apple Watch
Series 0). Of the 3521 participants who attended examination
3, we excluded 1370 who did not provide informed consent for
eFHS, including those who had an incompatible phone, and
those who had less than 12-month follow-up (n=203). Of the
remaining 1948 participants who were enrolled in the eFHS,
1185 chose to participate with the Apple Watch and returned
step data between November 2016 and January 2019. We
excluded 213 participants who either wore the smartwatch less
than 5 hours on any given day or those who returned smartwatch
data for less than 30 days during the study period because these
participants did not meet the definition for habitual PA
previously published [27]. We also excluded 135 participants
who did not attend the 3 examinations needed to build the BMI
trajectory, participants with BMI values <18.5 or >60 kg/m2 at
any of the 3 research examinations, and participants who had a
gastric bypass procedure. Eligibility and exclusion criteria are
depicted in Multimedia Appendix 1.

It is thus important to examine the association between BMI
trajectories and habitual step-based PA level. Advances in
technology permit the use of smaller, light-weight, relatively
accessible accelerometers, and allow accelerometer usage in
large epidemiological studies [23,24]. As such, the aim of this
study was twofold. First, we sought to identify BMI trajectory

The study protocol was approved by the Boston University
Medical Center Institutional Review Board (H-36586 and
H-32132). All participants provided informed consent.
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Body Mass Index Trajectories
At each examination visit in the FHS research center, trained
personnel routinely measured participant’s weight to the nearest
pound and height to the nearest quarter-inch, using uniform
measuring devices. BMI was calculated by dividing the
participant’s weight in kilograms by the square of the height in
meters (kg/m2). Normal weight was defined as BMI within the
range of 18.5-24.9 kg/m2, overweight as BMI between 25 and
29.9 kg/m2, and obese as BMI ≥30 kg/m2. To build the BMI
trajectories, we included participants in eFHS with Apple Watch
data who attended examination 1 (2002-2005), examination 2
(2008-2011), and examination 3 (2016-2019) [25,26]. The
median age was 39 (IQR 33-45), 45 (IQR 40-51), and 53 (IQR
47-59) years at examinations 1, 2, and 3, respectively. The
median follow-up time for the participants used in BMI
trajectories was 14 years (IQR 13-14). We applied a
semiparametric, group-based modeling strategy to identify latent
homogeneity in BMI trajectories in eFHS participants during
their middle adult life. The model assumes the study cohort
consisted of a mixture of groups following homogenous
developmental courses based on their BMI values [28]. Each
participant’s BMI values were centered using his/her baseline
measurement to assess change in BMI from examination 1 to
3. The centered longitudinal BMI values were modeled as a
mixture of several latent trajectories in a censored normal model
(allowing for the lower [–19] and upper [20] BMI limits after
centering) with a quadratic function of age. The trajectory
models were adjusted for age, sex, and smoking status. We used
the SAS “proc traj” program to develop the BMI trajectories.
The preferred order of the polynomial (ie, linear or quadratic)
for each trajectory and the number of trajectory groups were
determined by the Bayesian information criterion (BIC) and the
log Bayes factor [28-30]. To identify the optimal number of
trajectory groups, we started with a single group, and added 1
more group one at a time. The BIC statistic was used to evaluate
the model fit when adding groups.

Smartwatch Step Data
Participants who consented to the eFHS study using an iPhone
were offered Apple Watches Series 0 starting in November 2016
through the end of enrollment. The study research technician
assisted the participant with pairing the Apple Watch with
her/his iPhone while in the Research Center or provided written
instructions for participants who opted to set up the Apple Watch
remotely. Participants who attended the research center prior
to November 2019 were contacted and provided with the option
to return to the Research Center for smartwatch setup or
provided with materials for remote setup. Additionally,
participants who owned an Apple Watch were permitted to
participate using their own watch. The Apple watch has a
built-in accelerometer that measures daily steps. All participants
were instructed to wear the watch daily. We used daily step
counts retrieved from the Apple Watch to assess PA.

Covariates Obtained at Examination 3
Age, sex, and race/ethnicity were ascertained at examination 1.
Educational level and marital status were obtained from
self-reports at examination 3. Participants who reported smoking
https://cardio.jmir.org/2022/1/e32348
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in the year prior to the examination were defined as currently
smoking [31]. Prevalent coronary heart disease, myocardial
infarction, angina pectoris, stroke, intermittent claudication,
and heart failure were classified as CVD, after adjudication by
a panel of senior investigators using standard criteria and all
available information including hospital records. We defined
hypertension as the average of 2 resting blood pressure
measurements of ≥140/90 mmHg or a report of antihypertensive
medication usage [32]. Type 2 diabetes was defined as fasting
glucose ≥126 mg/dL or a report of hypoglycemic agent usage
[33]. Sleep apnea was determined based on the self-report of a
diagnosis of sleep apnea by a health care professional from
technician-administered respiratory questionnaire or the clinical
diagnostic impression of the presence of sleep apnea from the
standard medical history interview conducted by the nurse
practitioner.

Statistical Analysis
Baseline characteristics of participants were reported as means
and SDs for continuous variables and frequencies (percentages)
for categorical variables stratified by BMI trajectory groups.
We used analysis of variance to compare means of continuous
variables and chi-square/Fisher exact test to examine differences
in proportions between BMI trajectory groups. The BMI
trajectories were created prior to steps assessment. The primary
outcome was mean daily steps retrieved from the smartwatch,
and BMI trajectories were the primary exposure of interest. We
assessed the association between BMI trajectory groups and
repeated measures of daily step counts, with BMI trajectory
group 1 as the reference group. The statistical analysis was
conducted with a generalized linear model that accounted for
correlation between longitudinal daily step counts (PROC
GENMOD in SAS). We also adjusted for potential confounders.
In model 1, the covariates included age, sex, cohort, and wear
time. In model 2, we adjusted for hypertensive status, diabetes
status, smoking status, and prevalent CVD, in addition to
covariates in model 1. In model 3, we adjusted for model 2 plus
sleep apnea, education, and marital status. In sensitivity analyses
to determine the effect of follow-up duration on daily step count,
all models were additionally adjusted for follow-up duration.
We used generalized estimating equations to investigate the
association between BMI at examination 3 and daily mean steps,
adjusting for the same covariates in models 1, 2, and 3.
To investigate whether uneven days of follow-up in the 3
trajectory groups may introduce bias in association analyses,
we performed sensitivity analyses by investigating the average
of unadjusted daily steps for the participants between the 3 BMI
trajectory groups when restricting to a 90-day follow-up period.
We performed association analyses between BMI trajectories
and mean daily steps within the 90-day periods with model 2.
All statistical analyses were performed using SAS version 9.4
(SAS Institute). We defined a 2-tailed P<.05 as statistically
significant.

Results
The analyses included 837 participants (mean age 53 years;
57.8% [484/837] female) with a median follow-up of 516 days
with the maximum follow-up of 1166 days in the eFHS after
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research examination 3 (ie, the baseline). Based on the
comparison of the BIC values and the log Bayes factors from
semiparametric group–based models with BMI values from
research examinations 1 to 3, the 837 participants were grouped
into 3 trajectory groups: group 1 consisted of 292 participants
whose BMI remained unchanged (slope [change in BMI for
each year] 0.005; standard error [SE] 0.017; P=.75) from

examination 1 to 3; group 2 included the largest number of
participants (n=468) whose BMI slightly increased (slope 0.123;
SE 0.014; P<.001); and group 3, the smallest group, only
included 77 participants who displayed the greatest change in
their BMI (slope 0.318; SE 0.029; P<.001) from examination
1 to 3 (Table 1 and Figure 1).

Table 1. Baseline characteristics of 837 eFHSa participants, by BMI trajectory groups, at examination 3.
Variable

BMI trajectory groupsb
Group 1 (n=292)

Group 2 (n=468)

Group 3 (n=77)

P-valuec

Age (years), mean (SD)

54 (9)

53 (8)

50 (10)

<.001

Female, n (%)

166 (56.8)

264 (56.4)

54 (70.1)

.07

Race, n (%)

.44

European ancestry

257 (88.0)

425 (90.8)

70 (90.9)

Other ancestries

35 (12.0)

43 (9.2)

7 (9.1)

Hypertension, n (%)

67 (22.9)

116 (24.8)

37 (48.1)

<.001

Diabetes, n (%)

16 (5.5)

22 (4.7)

6 (7.8)

.52

Current smoking, n (%)

11 (3.8)

20 (4.3)

5 (6.5)

.58

Cardiovascular disease, n (%)

14 (4.8)

16 (3.4)

2 (2.6)

.59

Self-reported sleep apnea, n (%)

.01

Yes

29 (9.9)

55 (11.8)

18 (23.4)

No

261 (89.4)

402 (85.9)

59 (76.6)

Education, n (%)

.34

Bachelor’s degree or higher

197 (67.5)

327 (69.9)

47 (61.0)

No college degree

94 (32.2)

140 (29.9)

29 (37.7)

Marital status, n (%)

.53

Married

223 (76.4)

356 (76.1)

54 (70.1)

Currently not married

66 (22.6)

110 (23.5)

22 (28.6)

Physical Activity Index, mean (SD) 33.6 (4.4)

33.3 (4.9)

33.0 (5.4)

BMI, n (%)

a

.51
<.001

Normal weight

128 (43.8)

115 (24.6)

1 (1.3)

Overweight

103 (35.3)

218 (46.6)

15 (19.5)

Obese

61 (20.9)

135 (28.8)

61 (79.2)

eFHS: electronic cohort of the Framingham Heart Study.

b

Group 1: Participants whose BMI remained stable over the study period; group 2: slight increase in BMI over the study period; group 3: large increase
in BMI over the study period.
c

P-value of chi-square test for categorical variables, and detecting if any of the groups are statistically different for continuous variables.
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Figure 1. The three trajectory groups based on BMI measures at three health exams for 837 participants in eFHS. eFHS: electronic cohort of the
Framingham Heart Study.

Of the 3 BMI trajectory groups, participants in group 3, on
average, were the youngest (mean age 50 years), and contained
the largest proportion of women (54/77, 70%). About 48%
(37/77) of participants in group 3 had hypertension at baseline
(examination 3). In addition, group 3 participants were more
likely to have sleep apnea (Table 1). The median follow-up for
participants in BMI trajectory group 1 was 576 days (IQR
322-843), for trajectory group 2 was 492 days (IQR 275-790),
and for trajectory group 3 was 429 days (IQR 213-717).
A total of 13 participants had missing covariate data for
self-reported sleep apnea, 3 had missing covariate data for
education, and 6 had missing covariate data for marital status.
We compared the mean daily steps between BMI trajectory
groups adjusting for covariates, using the complete case analysis
approach (N=815; Table 2). Participants in BMI trajectory group
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2 walked 422 fewer steps per day compared with participants
in BMI trajectory group 1 (95% CI –823 to –21; P=.04),
adjusting for age, sex, wear time, and cohort. Participants in
BMI trajectory group 3 walked, on average, 1437 fewer steps
per day compared with participants in BMI trajectory group 1
(95% CI –2084 to –790; P<.001). The effect sizes were slightly
attenuated but remained significant after adjusting for
cardiovascular risk factors and CVD (model 2; P=.04 and <.001
for groups 2 and 3, respectively). The effect sizes were further
attenuated after additional adjustment for sleep apnea, education,
and marital status (model 3): that is, compared with the
reference, groups 2 and 3 walked 382 (95% CI –773 to 10;
P=.06) and 1120 (95% CI –1766 to –475; P<.001) fewer steps
per day, respectively (Table 2). The results did not substantially
change after additional adjustment for follow-up duration
(Multimedia Appendix 2).
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Table 2. Association between BMI trajectory groups and average daily step counta.
Models and groups

Estimate

95% CI

P-value

Group 1c (n=285)

Referent

—

—

Group 2 (n=455)

–422

–823 to –21

.04

Group 3 (n=75)

–1437

–2084 to –790

<.001

Group 1

Referent

—

—

Group 2

–406

–800 to –12

.04

Group 3

–1258

–1908 to –609

<.001

Group 1

Referent

—

—

Group 2

–382

–773 to 10

.06

Group 3

–1120

–1766 to –475

.001

Model 1b

Model 2d

Model 3e

a

Complete case analysis: n=815.

b

Model 1 covariates: age, sex, wear time, and cohort.

c

Group 1: participants whose BMI remained stable over the study period; group 2: slight increase in BMI over the study period; group 3: large increase
in BMI over the study period.
d

Model 2 covariates: model 1 + hypertension, type 2 diabetes, current smoking, and cardiovascular disease.

e

Model 3 covariates: model 2 + sleep apnea, education, and marital status

We assessed the association between BMI at examination 3 and
mean daily steps (Multimedia Appendix 3). Higher BMI values
were associated with lower mean daily step counts. For every
kg/m2 increase in BMI at examination 3, mean daily step count
decreased by 146 (95% CI –182 to –111; P<.001) steps, after
adjusting for age, sex, wear time, cohort, hypertension, diabetes,
current smoking, CVD, sleep apnea, education, and marital
status.
In sensitivity analyses, we investigated the daily median steps
among the participants in BMI trajectory group 1, group 2, and
group 3 during the 90-day follow-up without adjusting for
covariates (Figure 2). BMI trajectory group 1 displayed the
highest median step value within the 90-day period (6898 steps;
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IQR 4242-10298) and BMI trajectory group 3 participants had
the least median daily steps (5707 steps; IQR 3335-8668; Figure
2). After adjusting for covariates, the differences in PA by BMI
trajectory group remained similar during the 90-day follow-up
period compared with the 12-month period. Within the 90-day
interval, participants in BMI trajectory group 2 walked, on
average, 659 fewer steps per day compared with those in BMI
trajectory group 1 (95% CI –1124 to –194; P=.01), adjusting
for age, sex, wear time, cohort, and cardiovascular risk factors.
Similarly, participants in BMI trajectory group 3 walked, on
average, 1006 fewer steps per day compared with participants
in BMI trajectory group 1 (95% CI –1847 to –286; P=.01;
Multimedia Appendix 4).
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Figure 2. Median daily step distributions of BMI trajectory groups at 90-day window.

Discussion
Principal Findings
In this community-based electronic cohort of middle-aged and
older participants, we examined the relations between BMI
trajectories that were constructed at midlife and daily steps
captured from a smartwatch worn over 1 year. We identified 3
distinct trajectory groups for BMI change over 14 years. The
BMI change trajectory remained relatively stable for 34.9%
(292/837) of participants; the majority of participants (468/837,
55.9%) had slight increments in BMI, whereas 9.2% (77/837)
of participants had high increments in their BMI. We observed
that in adjusted analyses, participants who had slight and greater
increments in BMI took fewer steps per day, compared with
participants whose BMI remained stable.
Our findings were consistent with previous studies
demonstrating that individuals with higher weight took fewer
mean daily steps compared with those with lower weight
[7,18,34]. For instance, in an accelerometer-based
cross-sectional study of 108 adults, participants with obesity
took significantly fewer steps compared with those with normal
weight [35]. Although the accelerometer usage overcame a
major limitation of self-reported PA, BMI was measured from
a single timepoint, and follow-up was relatively short. In another
study of 1006 adolescents, Nesbit et al [36] demonstrated that
participants within higher BMI trajectory groups were less
physically active, compared with participants within healthy
BMI trajectory groups. Similarly, a study of 3070 middle-aged
Canadians showed that being physically active was associated
with a lower risk of being in the overweight and obese trajectory
groups [37]. In a more recent study, Laranjo et al [38]
demonstrated that participants who were underweight/normal
weight took significantly more steps per day over a 6-month
period while those who were overweight/obese did not show
https://cardio.jmir.org/2022/1/e32348

XSL• FO
RenderX

any significant changes [38]. Although this study examined
BMI and step count concurrently [38], the sample size may
have been too small to detect significant changes among those
in the overweight/obese group. In another study that found a
negative association between daily step count and BMI, daily
steps were measured over a relatively shorter period and BMI
was measured only at 1 timepoint [39]. Although higher baseline
BMI (at examination 3) was associated with significantly fewer
mean daily steps, BMI trajectories factored in several objective
measurements of BMI rather than self-reported height and
weight in other published reports, or single BMI measurement.
In addition, multiple objective measurement of step count, with
a follow-up period of 1 year or more, adds more to
understanding the relation between BMI and step-based PA. In
this study, we show that higher levels of step-based PA are
correlated with maintaining a stable BMI over time.
We observed that the smallest proportion of total participants
(trajectory group 3) had the greatest (sharpest) increment in
BMI over the period. This is consistent with the trend reported
in previous trajectory studies [34,37,40,41]. For instance, in a
recent study of 3271 young-to-middle-aged adults, 1.9% of
participants were in the sharply rising BMI trajectory group,
while about 46% of participants maintained a low-to-stable BMI
[40].
Lifestyle factors may account for the different trajectories we
observed. For example, in a 4-year lifestyle study of 120,887
men and women, Mozaffarian et al [42] found that diet, PA,
alcohol, and smoking were associated with long-term weight
gain. In our study, a greater proportion of participants in BMI
trajectory group 3 were female and younger compared with the
other BMI trajectory groups, and had a higher prevalence of
hypertension. Furthermore, only 1 participant in BMI trajectory
group 3 had normal weight and the rest of the participants were
either overweight or obese. This is consistent with findings from
some previous studies [34,40,41]. Life events such as pregnancy
JMIR Cardio 2022 | vol. 6 | iss. 1 | e32348 | p. 7
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and motherhood may account for weight gain among young
and middle-aged women [43]. Similarly, obesity is associated
with hypertension [44], and may explain the high prevalence
of hypertension among participants in BMI trajectory group 3.
Because BMI trajectories in early adulthood increased risk for
incident hypertension [40], early identification of individuals
with higher risk of higher BMI trajectories may provide an
opportunity to decrease obesity and reduce hypertension risk.
It is possible that these lifestyle factors account for the trends
we observed among participants who gained the most weight
over the study period. Therefore, younger adults, particularly
females, could benefit from early lifestyle interventions to
prevent excessive weight gain over time.
This study included eFHS participants who had the opportunity
to contribute at least one year of follow-up step data; however,
due to the rolling enrollment design of the eFHS, some
participants had the ability to contribute even longer data, while
others may have dropped out during follow-up. As such, the
follow-up duration was different among the BMI trajectory
groups, with participants in BMI trajectory group 1 recording
the longest follow-up duration (median 576 days), whereas
those in trajectory group 3 the shortest (median 429 days). While
it is possible that this observation may have an effect on the
daily step count recorded, effect sizes were only slightly
attenuated but remained significant after additional adjustment
for follow-up duration in the models.
The strengths of this study include the moderate-size
community-based sample of eFHS participants, the standardized
and objective assessment of BMI used in building BMI
trajectories over mid-adulthood, and step count data gathered
with a smartwatch for a median of 1 year, providing abundant
step data for analyses. Covariates were well characterized and
directly measured at the FHS research center. Furthermore,

Hammond et al
because we excluded participants with BMI values <18.5 or
>60 kg/m2, as well as those who had a gastric bypass, we
reduced the number of outliers in our analysis.
There are some limitations of our study to consider. First,
because our analysis included a majority of European ancestry
participants, our findings may not be generalizable to people
of different race/ethnicity. Second, because eFHS participants
were healthier, well educated, and had higher socioeconomic
status compared with the overall FHS examination attenders,
it is possible that their level of PA may differ from people of
lower educational level and socioeconomic status. Moreover,
because we excluded participants who returned data for <30
days, it is possible our findings may differ in this group.
Although we adjusted for known confounders, our study may
be subject to residual confounding. Because trajectories were
created before comparison with step data, it is possible that
other factors, besides PA, such as diet or illness, may have
contributed to the trajectories we observed. As the study did
not measure other types of PA besides step count, it is possible
participants in the different BMI trajectory groups performed
other types of PA that may affect weight change. Lastly, because
the study was observational, causality cannot be inferred.

Conclusions
In this community-based study of eFHS participants, participants
whose BMI trajectory increased greatly prior to step count
measurement took significantly fewer daily steps, compared
with participants with stable BMI trajectories. Our findings
suggest that greater weight gain may be associated with lower
levels of step-based PA during adulthood. Future research should
investigate the long-term trends of other lifestyle factors such
as diet and smoking, and assess the relationship between these
factors and habitual PA.

Acknowledgments
This study was supported by an award from the Robert Wood Johnson Foundation (number 74624) and a grant from the National
Heart Lung and Blood Institute (R01HL141434); Framingham Heart Study is supported by contract from NHLBI (PI VSR
75N92019D00031); the study investigators were supported by the following grants: R01HL126911 (EJB), 2R01 HL092577
(EJB), 1R01AG066010 (EJB), American Heart Association, 18SFRN34110082 (EJB), 2U54HL120163 (EJB), R01HL126911
(DMM), R01HL137734 (DMM), R01HL137794 (DMM), R01HL13660 (DMM), and U54-HL 143541 (DMM). The Apple
watches were provided to Boston University by Apple Inc at no cost to the study.

Conflicts of Interest
DDM has received research support from Apple Inc, Bristol-Myers Squibb, Boehringer-Ingelheim, Pfizer, Flexcon, Samsung,
Philips Healthcare, Biotronik; has received consultancy fees from Heart Rhythm Society, Bristol-Myers Squibb, Pfizer, Flexcon,
Boston Biomedical Associates, and Rose Consulting; also declares financial support for serving on the Steering Committee for
the GUARD-AF study (NCT04126486) and Advisory Committee for the Fitbit Heart Study (NCT04176926). JMM was a guest
lecturer/consultant for Merck Research Laboratories. VK is the principal of CareEvolution. VK and CN are employees of
CareEvolution, Inc., a healthcare technology company. Apple was not involved in the study design, analysis, interpretation, or
reporting of study results. Starting 2020, NLS received funding from Novo Nordisk for an MD-initiated research grant unrelated
to this study. JK received funding from the Marie Skłodowska-Curie Actions under the European Union’s Horizon 2020 Research
and Innovation Programme (Agreement No 838259). Other authors have no relevant disclosures.

Multimedia Appendix 1
Study sample selection.
[DOCX File , 29 KB-Multimedia Appendix 1]
https://cardio.jmir.org/2022/1/e32348

XSL• FO
RenderX

JMIR Cardio 2022 | vol. 6 | iss. 1 | e32348 | p. 8
(page number not for citation purposes)

JMIR CARDIO

Hammond et al

Multimedia Appendix 2
Association between BMI trajectory groups and average daily step count, additionally adjusted for follow-up duration.
[DOCX File , 13 KB-Multimedia Appendix 2]

Multimedia Appendix 3
Association between BMI at exam 3 and average daily step count.
[DOCX File , 13 KB-Multimedia Appendix 3]

Multimedia Appendix 4
Association between BMI trajectory groups and average daily step count for individuals at the 90-day window.
[DOCX File , 14 KB-Multimedia Appendix 4]

References
1.

2.
3.
4.
5.

6.
7.

8.

9.

10.
11.

12.

13.

14.
15.

16.

17.

GBD 2015 Obesity Collaborators, Afshin A, Forouzanfar MH, Reitsma MB, Sur P, Estep K, et al. Health Effects of
Overweight and Obesity in 195 Countries over 25 Years. N Engl J Med 2017 Jul 06;377(1):13-27 [FREE Full text] [doi:
10.1056/NEJMoa1614362] [Medline: 28604169]
Kelly T, Yang W, Chen C, Reynolds K, He J. Global burden of obesity in 2005 and projections to 2030. Int J Obes (Lond)
2008 Sep 8;32(9):1431-1437. [doi: 10.1038/ijo.2008.102] [Medline: 18607383]
Hu F. Obesity Epidemiology. New York, NY: Oxford University Press; 2009.
Ng CD, Cunningham SA. In, out, and fluctuating: obesity from adolescence to adulthood. Ann Epidemiol 2020 Jan;41:14-20
[FREE Full text] [doi: 10.1016/j.annepidem.2019.12.003] [Medline: 31901410]
Buscot M, Thomson RJ, Juonala M, Sabin MA, Burgner DP, Lehtimäki T, et al. BMI Trajectories Associated With Resolution
of Elevated Youth BMI and Incident Adult Obesity. Pediatrics 2018 Jan 19;141(1):e20172003. [doi: 10.1542/peds.2017-2003]
[Medline: 29259077]
Gadde KM, Martin CK, Berthoud H, Heymsfield SB. Obesity: Pathophysiology and Management. J Am Coll Cardiol 2018
Jan 02;71(1):69-84 [FREE Full text] [doi: 10.1016/j.jacc.2017.11.011] [Medline: 29301630]
Kantanista A, Król-Zielińska M, Borowiec J, Glapa A, Lisowski P, Bronikowski M. Physical activity of female children
and adolescents based on step counts: meeting the recommendation and relation to BMI. Biomedical Human Kinetics 2015
Jun 22;7:66-72 [FREE Full text] [doi: 10.1515/bhk-2015-0011]
Tudor-Locke C, Ainsworth BE, Whitt MC, Thompson RW, Addy CL, Jones DA. The relationship between
pedometer-determined ambulatory activity and body composition variables. Int J Obes Relat Metab Disord 2001
Nov;25(11):1571-1578 [FREE Full text] [doi: 10.1038/sj.ijo.0801783] [Medline: 11753573]
Schimpl M, Moore C, Lederer C, Neuhaus A, Sambrook J, Danesh J, et al. Association between walking speed and age in
healthy, free-living individuals using mobile accelerometry--a cross-sectional study. PLoS One 2011;6(8):e23299 [FREE
Full text] [doi: 10.1371/journal.pone.0023299] [Medline: 21853107]
Hemmingsson E, Ekelund U. Is the association between physical activity and body mass index obesity dependent? Int J
Obes (Lond) 2007 Apr;31(4):663-668. [doi: 10.1038/sj.ijo.0803458] [Medline: 16953254]
Pillay JD, Kolbe-Alexander TL, van Mechelen W, Lambert EV. Steps that count: the association between the number and
intensity of steps accumulated and fitness and health measures. J Phys Act Health 2014 Jan;11(1):10-17. [doi:
10.1123/jpah.2011-0288] [Medline: 23249564]
Yang Y, Dugué PA, Lynch BM, Hodge AM, Karahalios A, MacInnis RJ, et al. Trajectories of body mass index in adulthood
and all-cause and cause-specific mortality in the Melbourne Collaborative Cohort Study. BMJ Open 2019 Aug
10;9(8):e030078 [FREE Full text] [doi: 10.1136/bmjopen-2019-030078] [Medline: 31401610]
Rahman F, Yin X, Larson MG, Ellinor PT, Lubitz SA, Vasan RS, et al. Trajectories of Risk Factors and Risk of New-Onset
Atrial Fibrillation in the Framingham Heart Study. Hypertension 2016 Sep;68(3):597-605 [FREE Full text] [doi:
10.1161/HYPERTENSIONAHA.116.07683] [Medline: 27512109]
Boyer BP, Nelson JA, Holub SC. Childhood body mass index trajectories predicting cardiovascular risk in adolescence. J
Adolesc Health 2015 Jun;56(6):599-605 [FREE Full text] [doi: 10.1016/j.jadohealth.2015.01.006] [Medline: 25746172]
Buscot M, Thomson R, Juonala M, Sabin MA, Burgner DP, Lehtimäki T, et al. Distinct child-to-adult body mass index
trajectories are associated with different levels of adult cardiometabolic risk. Eur Heart J 2018 Jun 21;39(24):2263-2270.
[doi: 10.1093/eurheartj/ehy161] [Medline: 29635282]
Hornbuckle LM, Kingsley JD, Kushnick MR, Moffatt RJ, Haymes EM, Miles R, et al. Effects of a 12-Month Pedometer-Based
Walking Intervention in Women of Low Socioeconomic Status. Clin Med Insights Womens Health 2016 Oct
06;9s1:CMWH.S39636. [doi: 10.4137/cmwh.s39636]
Walker JR, Soroush A, Ainsworth BE, Belyea M, Swan PD, Yngve A. U.S. Cohort Differences in Body Composition
Outcomes of a 6-Month Pedometer-Based Physical Activity Intervention: The ASUKI Step Study. Asian J Sports Med
2014 Dec;5(4):e25748 [FREE Full text] [doi: 10.5812/asjsm.25748] [Medline: 25741423]

https://cardio.jmir.org/2022/1/e32348

XSL• FO
RenderX

JMIR Cardio 2022 | vol. 6 | iss. 1 | e32348 | p. 9
(page number not for citation purposes)

JMIR CARDIO
18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

Miguel-Berges ML, Reilly JJ, Moreno Aznar LA, Jiménez-Pavón D. Associations Between Pedometer-Determined Physical
Activity and Adiposity in Children and Adolescents: Systematic Review. Clin J Sport Med 2018 Jan;28(1):64-75. [doi:
10.1097/JSM.0000000000000419] [Medline: 28704256]
Hollis JL, Williams LT, Young MD, Pollard KT, Collins CE, Morgan PJ. Compliance to step count and vegetable serve
recommendations mediates weight gain prevention in mid-age, premenopausal women. Findings of the 40-Something RCT.
Appetite 2014 Dec;83:33-41. [doi: 10.1016/j.appet.2014.07.020] [Medline: 25062965]
Harder-Lauridsen NM, Birk NM, Ried-Larsen M, Juul A, Andersen LB, Pedersen BK, et al. A randomized controlled trial
on a multicomponent intervention for overweight school-aged children - Copenhagen, Denmark. BMC Pediatr 2014 Oct
21;14:273 [FREE Full text] [doi: 10.1186/1471-2431-14-273] [Medline: 25330848]
Owlasiuk A, Chlabicz S, Gryko A, Litwiejko A, Małyszko J, Bielska D. Pedometer assessed physical activity of people
with metabolic syndrome in Poland. Ann Agric Environ Med 2014;21(2):353-358 [FREE Full text] [doi:
10.5604/1232-1966.1108604] [Medline: 24959789]
Tudor-Locke C, Craig CL, Brown WJ, Clemes SA, De Cocker K, Giles-Corti B, et al. How many steps/day are enough?
For adults. Int J Behav Nutr Phys Act 2011 Jul 28;8:79 [FREE Full text] [doi: 10.1186/1479-5868-8-79] [Medline: 21798015]
Vahdatpour A, Amini N, Xu W, Sarrafzadeh M. Accelerometer-based on-body sensor localization for health and medical
monitoring applications. Pervasive Mob Comput 2011 Dec;7(6):746-760 [FREE Full text] [doi: 10.1016/j.pmcj.2011.09.002]
[Medline: 22347840]
Lee I, Shiroma EJ. Using accelerometers to measure physical activity in large-scale epidemiological studies: issues and
challenges. Br J Sports Med 2014 Feb 02;48(3):197-201 [FREE Full text] [doi: 10.1136/bjsports-2013-093154] [Medline:
24297837]
Splansky GL, Corey D, Yang Q, Atwood LD, Cupples LA, Benjamin EJ, et al. The Third Generation Cohort of the National
Heart, Lung, and Blood Institute's Framingham Heart Study: design, recruitment, and initial examination. Am J Epidemiol
2007 Jun 01;165(11):1328-1335. [doi: 10.1093/aje/kwm021] [Medline: 17372189]
McManus DD, Trinquart L, Benjamin EJ, Manders ES, Fusco K, Jung LS, et al. Design and Preliminary Findings From a
New Electronic Cohort Embedded in the Framingham Heart Study. J Med Internet Res 2019 Mar 01;21(3):e12143 [FREE
Full text] [doi: 10.2196/12143] [Medline: 30821691]
Lin H, Sardana M, Zhang Y, Liu C, Trinquart L, Benjamin EJ, et al. Association of Habitual Physical Activity With
Cardiovascular Disease Risk. Circ Res 2020 Oct 23;127(10):1253-1260. [doi: 10.1161/circresaha.120.317578]
van der Nest G, Lima Passos V, Candel MJ, van Breukelen GJ. An overview of mixture modelling for latent evolutions in
longitudinal data: Modelling approaches, fit statistics and software. Advances in Life Course Research 2020 Mar;43:100323.
[doi: 10.1016/j.alcr.2019.100323]
Salonen J, Tikanmäki H, Nummi T. Using trajectory analysis to test and illustrate microsimulation outcomes. IJM
2018;12(2):3-17. [doi: 10.34196/ijm.00198]
Sands SA, Mee L, Bartell A, Manne S, Devine KA, Savone M, et al. Group-Based Trajectory Modeling of Distress and
Well-Being Among Caregivers of Children Undergoing Hematopoetic Stem Cell Transplant. J Pediatr Psychol 2017 Apr
01;42(3):283-295 [FREE Full text] [doi: 10.1093/jpepsy/jsw064] [Medline: 27543915]
Burke GM, Genuardi M, Shappell H, D'Agostino RB, Magnani JW. Temporal Associations Between Smoking and
Cardiovascular Disease, 1971 to 2006 (from the Framingham Heart Study). Am J Cardiol 2017 Nov 15;120(10):1787-1791
[FREE Full text] [doi: 10.1016/j.amjcard.2017.07.087] [Medline: 28865894]
Whelton P, Carey R, Aronow W, Casey DE, Collins KJ, Dennison Himmelfarb C, et al. 2017
ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention, Detection, Evaluation,
and Management of High Blood Pressure in Adults: A Report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines. Hypertension 2018 Jun 26;71(6):e13-e115 [FREE Full text] [doi:
10.1161/HYP.0000000000000065] [Medline: 29133356]
Garvey WT, Mechanick JI, Brett EM, Garber AJ, Hurley DL, Jastreboff AM, Reviewers of the AACE/ACE Obesity Clinical
Practice Guidelines. American Association of Clinical Endocrinologists and American College of Endocrinology
comprehensive clinical practice guidelines for medical care of patients with obesity. Endocr Pract 2016 Jul;22 Suppl 3:1-203.
[doi: 10.4158/EP161365.GL] [Medline: 27219496]
Wang M, Yi Y, Roebothan B, Colbourne J, Maddalena V, Wang PP, et al. Trajectories of Body Mass Index from Young
Adulthood to Middle Age among Canadian Men and Women. Advances in Epidemiology 2015 Dec 21;2015:1-11. [doi:
10.1155/2015/121806]
Cooper AR, Page A, Fox KR, Misson J. Physical activity patterns in normal, overweight and obese individuals using
minute-by-minute accelerometry. Eur J Clin Nutr 2000 Dec;54(12):887-894. [doi: 10.1038/sj.ejcn.1601116] [Medline:
11114687]
Nesbit KC, Low JA, Sisson SB. Adolescent BMI trajectories with clusters of physical activity and sedentary behaviour:
an exploratory analysis. Obes Sci Pract 2016 Jun 31;2(2):115-122 [FREE Full text] [doi: 10.1002/osp4.36] [Medline:
27840687]

https://cardio.jmir.org/2022/1/e32348

XSL• FO
RenderX

Hammond et al

JMIR Cardio 2022 | vol. 6 | iss. 1 | e32348 | p. 10
(page number not for citation purposes)

JMIR CARDIO
37.

38.

39.

40.

41.

42.

43.
44.

Hammond et al

Wang M, Yi Y, Roebothan B, Colbourne J, Maddalena V, Wang PP, et al. Body Mass Index Trajectories among Middle-Aged
and Elderly Canadians and Associated Health Outcomes. J Environ Public Health 2016;2016:7014857-7014859 [FREE
Full text] [doi: 10.1155/2016/7014857] [Medline: 26925112]
Laranjo L, Quiroz JC, Tong HL, Arevalo Bazalar M, Coiera E. A Mobile Social Networking App for Weight Management
and Physical Activity Promotion: Results From an Experimental Mixed Methods Study. J Med Internet Res 2020 Dec
08;22(12):e19991 [FREE Full text] [doi: 10.2196/19991] [Medline: 33289670]
Ferrari G, Marques A, Barreira T, Kovalskys I, Gómez G, Rigotti A, et al. Accelerometer-Measured Daily Step Counts
and Adiposity Indicators among Latin American Adults: A Multi-Country Study. Int J Environ Res Public Health 2021
Apr 27;18(9):4641 [FREE Full text] [doi: 10.3390/ijerph18094641] [Medline: 33925513]
Fan B, Yang Y, Dayimu A, Zhou G, Liu Y, Li S, et al. Body Mass Index Trajectories During Young Adulthood and Incident
Hypertension: A Longitudinal Cohort in Chinese Population. J Am Heart Assoc 2019 Apr 16;8(8):e011937 [FREE Full
text] [doi: 10.1161/JAHA.119.011937] [Medline: 30966866]
Islam MT, Möller J, Zhou X, Liang Y. Life-course trajectories of body mass index and subsequent cardiovascular risk
among Chinese population. PLoS One 2019 Oct 10;14(10):e0223778 [FREE Full text] [doi: 10.1371/journal.pone.0223778]
[Medline: 31600353]
Mozaffarian D, Hao T, Rimm EB, Willett WC, Hu FB. Changes in diet and lifestyle and long-term weight gain in women
and men. N Engl J Med 2011 Jun 23;364(25):2392-2404 [FREE Full text] [doi: 10.1056/NEJMoa1014296] [Medline:
21696306]
Pegington M, French DP, Harvie MN. Why young women gain weight: A narrative review of influencing factors and
possible solutions. Obes Rev 2020 May;21(5):e13002. [doi: 10.1111/obr.13002] [Medline: 32011105]
Wenger NK, Arnold A, Bairey Merz CN, Cooper-DeHoff RM, Ferdinand KC, Fleg JL, et al. Hypertension Across a
Woman's Life Cycle. J Am Coll Cardiol 2018 Apr 24;71(16):1797-1813 [FREE Full text] [doi: 10.1016/j.jacc.2018.02.033]
[Medline: 29673470]

Abbreviations
BIC: Bayesian information criterion
CVD: cardiovascular disease
eFHS: electronic cohort of Framingham Heart Study
FHS: Framingham Heart Study
SE: standard error

Edited by T Leung; submitted 23.07.21; peer-reviewed by D Filos, B Eshrati; comments to author 20.11.21; revised version received
14.01.22; accepted 14.03.22; published 27.04.22
Please cite as:
Hammond MM, Zhang Y, Pathiravasan CH, Lin H, Sardana M, Trinquart L, Benjamin EJ, Borrelli B, Manders ES, Fusco K, Kornej
J, Spartano NL, Kheterpal V, Nowak C, McManus DD, Liu C, Murabito JM
Relations Between BMI Trajectories and Habitual Physical Activity Measured by a Smartwatch in the Electronic Cohort of the
Framingham Heart Study: Cohort Study
JMIR Cardio 2022;6(1):e32348
URL: https://cardio.jmir.org/2022/1/e32348
doi: 10.2196/32348
PMID:

©Michael M Hammond, Yuankai Zhang, Chathurangi H. Pathiravasan, Honghuang Lin, Mayank Sardana, Ludovic Trinquart,
Emelia J Benjamin, Belinda Borrelli, Emily S Manders, Kelsey Fusco, Jelena Kornej, Nicole L Spartano, Vik Kheterpal, Christopher
Nowak, David D McManus, Chunyu Liu, Joanne M Murabito. Originally published in JMIR Cardio (https://cardio.jmir.org),
27.04.2022. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR Cardio, is properly cited. The complete bibliographic information, a link to
the original publication on https://cardio.jmir.org, as well as this copyright and license information must be included.

https://cardio.jmir.org/2022/1/e32348

XSL• FO
RenderX

JMIR Cardio 2022 | vol. 6 | iss. 1 | e32348 | p. 11
(page number not for citation purposes)

